Abstract-We demonstrate the first polarization-independent phase-sensitive amplification of a polarization-division multiplexing (PDM) signal. A novel polarization-diversity loop configuration using periodically poled LiNbO 3 waveguides is proposed to achieve the polarization-independent amplification of both a single-polarized signal and a PDM signal. The proposed configuration provides two independent optical parametric amplification processes for two orthogonal polarization components in the loop, while preventing the amplification of the reflection noise by a counter-propagating pump. Polarization-independent error-free operation was confirmed with a bit-error-rate measurement for a 40-Gb/s quadrature phase-shift keying (QPSK) signal. We then demonstrated the phase regenerative amplification of an 80-Gb/s PDM-QPSK signal with artificial phase noise.
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I. INTRODUCTION

F
INDING a way to improve the signal-to-noise ratio (SNR) in photonic networks is a key requirement for achieving a higher transmission capacity because, according to Shannon's theory, the SNR is an essential quantity that determines the maximum spectral efficiency [1] . To enhance the SNR of optical fiber communication systems, phase sensitive amplifiers (PSA) are now attracting a great deal of interest because of their potential for low noise amplification [2] and their signal regeneration capability [3] . Recent advances on χ (2) and χ (3) -based nonlinear optical devices have confirmed the applicability of the PSA to long-haul transmission by performing recirculating loop transmission experiments [4] , [5] .
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of the PSA in digital-coherent systems. As regards modulationformat-free operation, a non-degenerate parametric process is a promising way to achieve the phase sensitive amplification of a multi-level phase and amplitude encoded signal. A PSA for 16QAM signals has already been demonstrated using χ (2) and χ (3) materials [6] , [7] . However, there has been no demonstration of a PSA capable of dealing with PDM signals.
Some techniques have been reported for realizing a polarization-insensitive wavelength converter (WC) using a polarization-diversity loop [8] , [9] . The wavelength conversion of a PDM signal has also been successfully demonstrated based on four-wave mixing using highly nonlinear polarization maintaining fibers [10] . The loop configuration enables us to handle the orthogonal polarization components individually without any delay alignment between the two separated optical paths. However, the loop configuration is susceptible to the effect of reflection noise because the reflected light will be amplified by the counter-propagating pump. A PSA requires a parametric process with much higher efficiency than a WC. Therefore, it is difficult to apply the polarization-diversity loop configuration used for the WC to the PSA without any improvement because the reflection noise amplified by the counter-propagating pump will be very large. Furthermore, this large reflection noise will induce instability in the phase locking mechanism needed for phase sensitive amplification. Recently, polarization-insensitive phase regeneration was investigated using a polarization-diversity PSA employing bi-directional four wave mixing in highly nonlinear fibers [11] . However, with fiber-based optical parametric amplifiers, Brillouin back-scattering may result in signal distortions in a diversity loop configuration [12] .
In this paper, we describe how we achieved the first PSA for PDM signals using a novel polarization-diversity loop configuration based on highly efficient periodically poled LiNbO 3 (PPLN) waveguides. Both polarization independent operation and PDM signal amplification were successfully demonstrated. This paper is organized as follows. Section II describes our novel polarization diversity loop configuration. First, we mention the polarization geometry for a Z-cut PPLN waveguide as a concrete example of a nonlinear medium. Next, we discuss the advantages and drawbacks of the conventional diversity configuration, which has two main types: a loop type and a dual type. Then, a novel PPLN-based loop configuration is proposed for polarization diversity. Section III describes the advantage of the proposed configuration in terms of reflection noise reduction by comparison with the conventional loop 0733-8724 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. configuration. Section IV describes our experimental setup for the polarization-independent PSA, which we constructed by using four PPLN waveguides. Section V describes polarizationindependent amplification for both single-and dual-polarized signals. Polarization-independent error-free operation was confirmed with a bit-error-rate (BER) measurement for a 40-Gb/s QPSK signal. We then demonstrated the phase regenerative amplification of an 80-Gb/s PDM-QPSK signal.
II. PROPOSED NOVEL DIVERSITY CONFIGURATION
PDM signal amplification is difficult because a nonlinear medium has polarization dependence. First, we explain the polarization geometry for a Z-cut PPLN waveguide as a concrete example of a nonlinear medium. Fig. 1(a) shows the polarization geometry for the input, output, and pump. The maximum nonlinear coefficient is obtained for a transverse magnetic (TM) wave in a Z-cut PPLN waveguide. The input signal with TM polarization is amplified by using a pump with TM polarization. A periodically poled structure is formed to achieve phase matching among these TM waves. In contrast, a signal with transverse electric (TE) polarization simply passes through and experiences just the linear propagation loss of the waveguide. Therefore, a polarization diversity scheme is required.
The diversity configuration has two main types, namely, a dual type and loop type. Fig. 1(b) and (c), respectively, show schematic views of the dual and loop type configurations when using a Z-cut PPLN waveguide. An advantage of the dual type is that it is possible to amplify the TM and TE waves independently with two different waveguides. However, the dual configuration requires precise delay adjustment and the stabilization of the two different optical paths. This makes it almost impossible to realize this configuration using fiber components. On the other hand, an advantage of the loop type is that it is possible to amplify the TM and TE waves individually without any delay alignment because both waves propagate along the same optical loop path. A drawback is that the loop configuration is susceptible to the effect of reflection noise because the reflected light will be amplified by the counter-propagating pump.
In this work, we investigated a polarization-independent PSA with a novel polarization diversity loop configuration. Fig. 2 shows a schematic view of the PPLN-based polarizationdiversity loop configuration. For the proposed configuration, we use two PPLN waveguides similar to a dual type configuration. In this setup, the two waveguides are arranged in series and a rotator is installed between them. The configuration combines the advantages of being delay alignment free and having a low reflection noise. Although the loop configuration was used to achieve polarization diversity without any delay adjustment, the TM and TE waves are independently amplified by two different waveguides.
III. COMPARISON OF TOLERANCE TO REFLECTION NOISE
In this section, we describe the advantage of the proposed configuration in terms of reflection noise reduction by comparison with the conventional loop configuration. Fig. 3 (a) shows a schematic view for evaluating the influence of reflection noise with the conventional loop configuration using bidirectional pumping. The input A with TM polarization comes from the counterclockwise rotation (CCWR) direction, and the input B with TM polarization comes from the clockwise rotation (CWR) direction. Each input is amplified in a PPLN waveguide by a bidirectional pump with a gain G for one direction. While reflection is generated by all the optics in the loop, we assume a reflection only at the edge of the waveguide with reflectance R. Although in a strict sense the reflection will occur multiple times, here we take account only of the first and the second reflections for an approximate evaluation. Then, the output for the CCRW direction contains not only amplified A but also reflected lights. The polarization of the reflected lights is the same as that of the amplified signal. Therefore, the signal quality will be degraded due to the interference with the reflected lights. The total power of the outputs for the CCWR and CWR directions can be expressed as follows:
The reflection noise components are amplified in every reflection by the bidirectional pump. Therefore, the signal to reflection noise ratio will deteriorate with the gain. In addition, if the reflection noise is large, it induces instability in the phase-locked loop (PLL) because the phase of the reflection noise is different from that of the signal.
Next, we discuss the reason for the reduction in reflection noise when we use our proposed configuration. Fig. 3(b) shows a schematic view for evaluating the influence of reflection noise for the novel diversity loop as shown in Fig. 2 . Here, we also assume only reflections at the edge of the waveguide corresponding to the output with reflectance R and amplification in the waveguides by one-directional pump with a gain G. The input signal A, which comes from the CCWR direction, is amplified by the first waveguide and its polarization is rotated. The signal then passes through the second waveguide with a linear loss L. In addition, we assume no additional loss such as the coupling loss between two PPLN waveguides and the insertion loss of the rotator. The total outputs for the CCWR and CWR directions can be expressed as follows:
The reflected light B at the outside edge of the second waveguide is not amplified because there is no counter-propagating pump. The reflected light B at the outside edge of the first waveguide is also not amplified because the TE wave has no nonlinear interaction. Therefore, the signal to reflection noise ratio will not deteriorate with the gain. Furthermore, the reflection noise can be easily removed by the polarization beam splitter (PBS) shown in Fig. 2 because of the polarization difference. As a result, the proposed configuration will greatly reduce the reflection noise. From equations (1) and (2), the SNRs of the PSA output, which are determined by the ratio of the amplified main signal to the reflection noise, for the conventional and novel proposed loops were expressed as
respectively, where P is the extinction ratio of the PBS. Fig. 4 shows the SNR as a function of the reflectance R for the bidirectional pumping scheme and the proposed scheme. Here, we assume a linear loss L of −2 dB and an extinction ratio P of −25 dB. For the conventional loop, the SNR will be degraded to 20 dB at a gain of +10 dB and a reflectivity of −30 dB. At a higher gain of +30 dB, the SNR will be degraded to 20 dB even with a high reflectivity of over −50 dB. On the other hand, for the proposed configuration, a higher SNR of 48 dB will be obtained at a gain of +10 dB and a reflectivity of −30 dB. Even at the higher gain of +30 dB, a higher SNR of 68 dB will be obtained at a reflectivity of −50 dB.
Our simple estimation of the reflection noise revealed both the difficulty of reducing the reflection noise for the conventional bidirectional pumping scheme and the extent of the reflection noise reduction for the proposed scheme. Fig. 5 shows the configuration of the PPLN-based polarization-diversity loop and our experimental setup. To prevent amplification of the reflected light, we employed the proposed loop configuration as discussed in the previous sections. For the PSA, we used four PPLN ridge waveguides fabricated by using a direct bonding and dry etching technique to obtain high power tolerance and a high conversion efficiency typically exceeding 2000%/W [13]. The PPLN waveguides were packaged in a module with four fiber pigtails. The four-port module configuration makes second harmonic pumping possible. A signal with an arbitrary polarization was split into two orthogonal polarization components with a PBS. The TM wave was input into PPLN-1 in the CCWR direction. The TE wave was rotated into a TM wave via the connection of polarization maintaining fibers and injected into PPLN-2 in the CWR direction. The pump lights for the amplification of the CCWR and CWR directions were produced by second harmonic generation of a local light in PPLN-3 and 4, respectively. The local light was generated from a master source, which was the same light source as that used for idler generation at the transmitter. Each pump light was injected into only the corresponding PPLN for optical parametric amplification (OPA). After OPA, each pump light was immediately separated from the loop using a dichromatic mirror to avoid any unwanted amplification of the reflected light. Each OPA process can be independently controlled because the pump traveling in one direction has no influence on the signal traveling in the other direction. To achieve stable phase sensitive amplification, two independent optical PLLs with a piezoelectric transducer were used to compensate for the slow relative phase drifts between the signal and the pump induced by temperature variations and acoustic vibrations. In addition, we placed a 90°polarization angle rotator between PPLN-1 and PPLN-2 to suppress the amplification of the reflection noise. The reflected light of the CWR direction signal was not amplified by PPLN-1 because the TE wave experienced no nonlinear interactions in the PPLN waveguide, and vice versa. Then, the amplified signals corresponding to the two polarization components were combined again and routed to the output port. The output polarization state is the same as the input state because there is no phase difference between the two separated polarization components in the loop configuration. Note that the proposed configuration is superior both in terms of reflection noise reduction and noise figure (NF). To achieve a low NF, it is important to reduce the loss in front of the amplifying medium because such loss immediately degrades the NF. On the other hand, NF degradation is less affected by the loss in the rear of the amplifying medium as long as the gain is sufficiently high [14] . In the proposed configuration, although the PPLN waveguides for each OPA act as the loss for each other, the NF degradation will be negligible with increased gain. Furthermore, the configuration allows us to achieve a low NF because the additional loss in front of the PPLN waveguides is only that of the PBS without any additional optical components such as a circulator or isolator. Fig. 6 shows the monitored power of the TM and TE waves in the loop and the PSA output from the loop, when the polarization angle of the input was changed. A stable PSA output was clearly obtained even when the intensity ratio of the TM/TE waves was changed.
IV. EXPERIMENTAL SETUP
V. EXPERIMENTAL RESULTS OF POLARIZATION INDEPENDENT AMPLIFICATION
To confirm the polarization-independent operation of the PSA, we evaluated the polarization angle dependence of the BER performance for a single polarized DQPSK signal, and the PDM signal amplification for a QPSK signal using the experimental setup shown in Fig. 5 . The transmitter generated a 20-Gbaud QPSK signal at a wavelength of 1536.61 nm. A phase-conjugated idler at a wavelength of 1535.04 nm was generated by difference frequency generation (DFG) using two PPLN waveguides to achieve the non-degenerated phase sensitive amplification of the QPSK signal [6] . We used two different setups after the phase-conjugated idler generation. The first setup was used to examine the polarization independent operation of a single polarized signal. A half-wave plate was used to rotate the polarization angle of the signal input into the PSA. The signal quality of the polarization-independent PSA output was evaluated by the BER performance of a 40-Gb/s DQPSK signal. The second setup was used to confirm the PDM signal amplification. After the DFG, a PDM emulator was used to generate an 80-Gb/s PDM-QPSK signal with a phase conjugated idler. A LiNbO 3 phase modulator was used to add phase noise.
A signal was input into the PSA after passing through an SMF. After the PSA, the PDM-QPSK signal was detected by a digital coherent receiver with offline processing. Fig. 7(a) shows the optical spectra of the output of the PSA with and without a pump. The phase-conjugated idler has high quality, which means that the idler has an adjacent frequency and intensity equivalent to a signal with a high OSNR. We then achieved phase-sensitive amplification with a chip gain of 12 dB. Fig. 7(b) shows the polarization dependence of the linear loss and the PSA gain. The total loss of the PSA was −10 dB, which includes the insertion losses of the PBS, the two PPLN modules, and the tap coupler for the PLL. The polarization dependent loss was 0.1 dB. The PPLN waveguide exhibited no large excess loss for the horizontally polarized signal because the direct-bonded PPLN waveguide confines both polarization modes unlike a proton-exchanged PPLN waveguide. The chip gain of the PSA was 12 dB. We minimized the polarization dependent gain (PDG) to less than 0.5 dB by adjusting the SH pump power. A net gain of 2 dB was obtained. Fig. 8 shows the BER characteristics of a DQPSK signal with a PRBS of 2 9 − 1. We measured the BER of the transmitter output before the DFG (back-to-back) and the PSA output with three different input polarization states of 0°, 22.5°, and 45°. Error-free operation was observed for all input polarization states, and the power penalty compared with a back-to-back transmission at a BER of 10 −9 was less than 0.5 dB. These results clearly showed that we successfully demonstrated polarization independent amplification using the proposed polarization-diversity loop. Fig. 9 shows constellation diagrams for an 80-Gb/s PDM-QPSK input signal with phase noise and the output signal after the PSA. The phase modulator was driven at a frequency of 2.5 GHz to introduce a sinusoidal phase variation. As shown by the constellation for the Y-polarization of the input signal, larger phase noise was induced than that for the X-polarization because of the polarization dependence of the LiNbO 3 phase modulator. The constellation points were rotationally spread due to the large phase noise. The Q-factors for the X-and Y-polarizations of the input signal were 16.9 and over 7.8 dB, respectively. In this phase noise emulation setup, the same phase variation was added to both signal and idler, namely φ signal + δφ and φ idler + δφ = −φ signal + δφ. At the PSA, the idler generates a phase conjugated signal, namely −(φ idler + δφ) = φ signal − δφ. As a result, the phase noise will be canceled by using the phase conjugated idler. After the PSA, a major phase noise reduction was achieved by the canceling effect. The Q-factors for the Xand Y-polarizations of the PSA output were 17.1 and 15.6 dB, respectively. Signal restoration through the PSA was clearly achieved. The phase sensitive amplification of the PDM signal was confirmed from the inherent noise canceling characteristics of the PSA.
VI. CONCLUSION
We achieved the first polarization-independent phase sensitive amplification of a PDM signal using a PPLN-based PSA. We proposed a polarization-diversity loop configuration with two independent OPA processes to prevent the amplification of the reflected light by the counter-propagating pump. From a simple estimation of the reflection noise, we revealed the advantage of the proposed configuration in terms of reflection noise reduction by comparison with the conventional loop configuration. We then configured the diversity loop to confirm the feasibility of polarization-independent amplification using four highly efficient PPLN waveguides. We obtained an on-off gain of +12 dB with a low PDG of less than 0.5 dB. Polarization-independent error-free operation was confirmed from a BER measurement for a 40-Gb/s DQPSK signal. We then demonstrated the phase regenerative amplification of an 80-Gb/s PDM-QPSK signal using constructive interaction with a phase-conjugated idler.
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